The field screening effect on the field-emission properties of armchair graphene nanoribbons (AGNRs) under strain has been studied using first-principles calculations with local density approximation (LDA).
Introduction
Graphene, i.e., a macroscopic single sheet of graphite, has attracted tremendous attention in recent years because of its extraordinary physical, chemical, mechanical, and electrical properties such as high electron mobility (105 cm 2 V À1 s À1 ) and exceptional thermal conductance (3-5 kW m À1 K À1 ). [1] [2] [3] [4] More specically, the graphene nanoribbon (GNR), i.e., a strip cut from a graphene sheet and terminated by hydrogen atoms, with various widths of nanometer size, [5] [6] [7] [8] [9] has been widely investigated for a variety of applications in nanoelectronic devices.
Since the structure of GNRs is similar to those of graphene and carbon nanotubes (CNTs), the GNRs are expected to have various similarly extraordinary electronic, magnetic, mechanical, and transport properties. The electronic properties of these GNRs are dominated by the edge structure, ribbon width, and bulk defects. [11] [12] [13] The geometric and electronic properties of edge-decorated GNRs with elements of an atomic number lower than 30 had been investigated thoroughly by ab initio or rst-principles density functional theory (DFT) calculations. 10 It was found that the edge decoration of at GNRs drastically change the electronic and geometric properties. Three optimal or stable structures could be obtained including a zipper-line decorated CNT formed by covalent bonds, an edge-decorated curved GNR made up of a metal chain with interlaced dipoledipole interactions, and a at GNR with edge passivation. Most of the decorated systems were classied as conductors while a few were semiconductors with a band gap stemming from the anti-ferromagnetic conguration. The results suggested a possible route to selectively fabricate specic types of edgedecorated geometric structures with desired electronic properties for applications in engineering nanoelectronic devices and thus avoid the difficulties in separating the mixed products obtained in unzipping experiments.
10
Graphene nanoribbons with zigzag and armchair edges are called ZGNRs and AGNRs, respectively. We refer to a ZGNR (an AGNR) with N dimer lines as an N-ZGNR (N-AGNR). The electrical property of ZGNR becomes half-metallic when an external electric eld is applied, as proposed by Son et al.
14 In halfmetals, electrical current can be completely spin polarized as a result of the coexistence of metallic nature for electrons with one spin orientation and insulating nature for electrons with the other. It was demonstrated by using rst-principles DFT calculations that half-metallicity in GNRs is realizable if inplane homogeneous electric elds are applied across the zigzag-shaped edges of the ZGNRs, and that their magnetic properties can be controlled by the external electric elds. The results suggested a new path to explore spintronics at the nanometre scale, based on graphene 14 in spite of Rudberg et al. debated whether this half-metallicity would be removed by a nonlocal exchange effect. 15 On the other hand, the electrical property of AGNR is semiconducting and the band gap depends on its ribbon width. 12, 16 One can develop the application of AGNR by tuning the band gap of AGNR, for instance, the application in optoelectronic device and nanolaser.
17,18
Although there are several methods to tune the band gap of AGNR, one effective way is applying an external stress.
19-21
Recently, the relation between inversion symmetry breaking and gap opening has been studied, 22, 23 for instance, asymmetrical strain distributions notably adjust the band structure near the Fermi energy of graphene. 24 Furthermore, graphene can be used as an active channel layer.
In the recent years, the wide applications of vacuum electronic devices call for a well development of eld emission cathodes. Field emission arrays (FEAs) are good candidates for the use as eld emitters. FEAs with their high current densities and fast turn on have been envisioned to be capable of improving the performance of many devices. So far, the eld emission due to quantum mechanical tunneling is described by the well-known Fowler-Nordheim (FN) equation,
where A and B are the Fowler-Nordheim constants, E s is the normal electric eld at the cathode surface, and f is the work function. The Nordheim functions t(y) and v(y) were generally approximated as t(y) 2 ¼ 1.1 and v(y) ¼ 0.95 À y 2 , where y ¼ 3.79 Â 10
À5
E s 1/2 /f is the Nordheim parameter. For the large-area cathodes such as FEAs, the current emission I can be evaluated by independently considering local tip emission characterizing with an individual eld enhancement factor b i , work function f i , and emitting area A i ,
where n is the total number of emission tips in FEAs, E 0 is the applied electric eld and b i ¼ (E s /E 0 ) i . One should note that since b i and f i are in the exponential function, the eld emission is very sensitive to these two parameters. The work function of graphene can determine the band alignment 28 and affect the charge injection between graphene and the metallic contact. 29, 30 The thin nature of vertically standing graphene is a good candidate for eld emitter and the emitting current can be dramatically enhanced by a lower work function.
31
Previous study showed that the work function of AGNR can be modulated by strain. 32 The work function increases and decreases with uniaxial tensile strain and compressive strain, respectively. The Fermi energy shi with strain plays the most important role in the variation of the work function under strain. 32 Engineering the work function of a single AGNR using strain and functional species has been proposed and studied by Peng et al. using rst principles calculations. 33 It was found that the work function of an AGNR can be tuned by strain and edge and surface decorations. Although the effects of different width on the electric properties were studied, the results of the AGNR were limited to one width of 14C atoms with 1 and 2 atomic variations. Barone et al. found that electronic properties of nanoribbons are not only sensitive to the edge terminations but also the ribbon width. 34 It was demonstrated that the electronic properties of ribbons with wider width of practical signicance can be determined by extrapolation. On the other hand, Nilsson et al. 35 demonstrated experimentally and theoretically that emission from high density carbon nanotube arrays is poor because of the eld screening effect. The equipotential lines in the vicinity of each tip is screened by the surrounding tubes. The screening effects reduce the eld enhancement and thus the eld emission current as the intertube distance is decreased. The screening effect is strongly dependent on the relative height of the tubes compared to the intertube distance. Nilsson at el. predicted that the current emission of the CNTs becomes a maximum when the inter-tube distance is about two times of its height. Graphenebased eld emission devices can be well developed through further understanding the electronic properties of AGNR arrays. Up to now, there has been no comprehensive systematic study of the effect of inter-ribbon distance and ribbon width on the work function and eld enhancement factor of AGNR arrays, and this will be the focus of this work.
In this study, the screening effect on eld-emission properties of AGNR arrays under strain has been studied using rst-principles DFT calculations. We have systematically investigated the effects of inter-ribbon distance, ribbon-width, and strain on the work function and eld enhancement factor of AGNRs. The results indicate that the work function of AGNR will be affected by the surface dipole barrier due to charge transfer between hydrogen atoms and the edge carbon atoms. Using the zone folding method with the effect of dipole barrier along with the work function of strained graphene, we can obtain the work function of AGNR arrays of any width under strain, conrmed with the LDA calculations. Our present study provides valuable insight into the strain and screening effects on the eld emission properties of AGNR arrays.
Results and discussion Table 1 . The strain effect on the work function of AGNR is studied. Fig. 2(a) shows the work function for various AGNRs with N ¼ 11, 13, 15, and 17 as a function of an uniaxial strains (s y ) along the y direction by the direct LDA calculation. That of graphene is also given in the gure for comparison. In the LDA calculations of the uniaxial strain effect on graphene, a structure optimization has been done for each applied y-strain to obtain the corresponding induced z-strain. Fig. 2 (b) shows the induced strain along the width direction (s z ) in various AGNRs as a function of applied strain along the ribbon length (s y ). As one can see in Fig. 2(a) , the work function of AGNRs increases under tensile strain and decreases under compressive strain while the dependence of the work function of AGNRs on the width of ribbon under strain is weak. It is interesting to note that the work function of unstrained AGNR is almost independent of the width of ribbon. The barriers caused by the surface dipole layers at the edges are positive due to the charge transfer between hydrogen atoms and the edge carbon atoms. Since the electrons will gain energy by passing through the positive dipole layer at the surfaces, the work function will be reduced. The dipole barrier of AGNR is given by the difference between the work function of AGNR and graphene (yellow line), as shown in Fig. 2(a) . The curve for graphene is used to represent the case where the width of the ribbon approaches innity. The dipole barrier for an unstrained AGNR is À0.64 eV. The dipole barrier (D) is inversely proportional to y-strain (smaller y-strain correspond to higher density of dipoles), thus it can be written as
The difference in the work function from that of graphene for small carbon nanoribbons is due to the downshi of the Fermi energy relative to the vacuum level.
20
The change of work function induced by a passivation or adsorbates can be attributed to the barrier of surface dipoles and Fermi level shis. In previous study, 19 it was found the shi of the Fermi energy relative to the vacuum level is caused by the asymmetry of the slope of the Dirac cone, represented as
A downshi of the Fermi level causes an upshi in the work function, 20 thus, the work function of AGNR (F AGNR ) as a function of strain is given by
where F G represents the work function of graphene. The shi of the Fermi energy (D f ) and the work function of various AGNRs are calculated by eqn (4) and (5), respectively. It is found that the bulges in the strain dependence of F AGNR are dominantly contributed by the Fermi energy shi (D f ), as shown in Fig. 3 .
The agreement between our method and the direct LDA calculation indicates that we can use the zone folding method with the effect of dipole barrier along with the work function of strained graphene to estimate the work function of any strained AGNRs. Now, we investigate how the inter-ribbon distance (D x ) affects the work function of armchair graphene nanoribbons. The work functions are calculated by the difference between the Fermi level and the average potential in the vacuum region where it approaches a constant. For the case of a semiconducting ribbon, the Fermi level is chosen at the middle of the gap. Fig. 4(a) shows the calculated work functions as a function of the inverse ribbon width for various inter-ribbon distances. Our local-density approximation results agree with a previous study. 36 For a given inter-ribbon distance, the work function of AGNR increases as the width of the ribbon increases. The trend becomes more obvious for larger interribbon distance. It is of interest to note that the work function is strongly dependent on the inter-ribbon distance. This dependence can be qualitatively explained by the fact that there is a dipole at the edge of the ribbon. Carbon attracts electrons from hydrogen; therefore, the dipole at the edge is positive. A positive dipole layer leads to a decrease in work function. The higher the density of the dipoles, which corresponds to smaller inter-ribbon distance, the lower the work function. This explains the observation that the work function decreases as the inter-ribbon distance decreases. One can see from Fig. 4(a) that the work function varies roughly linearly with 1/W as W S 17.04 A (corresponding to N S 15). This allows us to extrapolate to 1/ W / 0, which will give the work function of a "wide" ribbon. Fig. 4(c) shows the work function of the wide AGNR as a function of inverse inter-ribbon distance calculated by the linear t of the data in Fig. 4(a) . It is of interest to note that the work function of the wide AGNR also varies linearly with 1/D x . The straight line in Fig. 4(c) is the linear t to the data for D x S 25Å which is given by F ¼ 4.3965 À 6.4749/D x . An extrapolation toward a larger D x limit gives a value of $4.4 eV, which is the work function of an isolated wide AGNR. The theoretical and experimental work functions of graphene are 4.5 eV and 4.6 eV, respectively. 37, 38 Note that the work function of isolated wide AGNR is lower than that of graphene. This is because the edge of the AGNR is terminated by a hydrogen atom in our calculation. The positive dipole layer at the edge of the ribbon will lower the work function of the system. In order to conrm this observation, the work functions of AGNRs are plotted as a function of inverse inter-ribbon distance for various ribbon widths, as shown in Fig. 4(b) . It is found that the work function varies almost linearly with 1/D x as D x S 30Å. The linear tting results for W S 17.04Å (corresponding to N S 15) will give the work function of an isolated AGNR with various ribbon widths, as shown in Fig. 4(d) . The work function of an isolated AGNR is also linear, as given by F ¼ 4.3979 À 2.5979/W. An extrapolation to 1/W / 0 will give the work function of an isolated wide AGNR. The work function of an isolated wide AGNR from Fig. 4(d) agrees well with that from Fig. 4(c) . Therefore, the linear interpolation results in Fig. 4(a) and (b) are reliable. This means that we can use the results of linear regression in Fig. 4(a) to obtain the work function of an AGNR of any ribbon-width.
It is worth of mentioning that one can use the zone folding method with the effect of dipole barrier along with the work function of strained graphene to estimate the work function of any strained AGNRs although we use a case of D x ¼ 10Å to demonstrate the agreement between our model and the direct LDA calculations, as shown in Fig. 3 . In general, eqn (3) can be modied as follows:
In which c(W, D x ) is a linear tting function of W for a specic D x under study. Next, we study how the inter-ribbon distance affects the eld enhancement factor of AGNRs. In order to simulate a homogenous external electric eld (E) in the z-direction (perpendicular to the edge), as shown in Fig. 1(b) , we impose an electric eld by applying a classical dipole sheet at the middle of the vacuum region in the z direction. The eld enhancement factor (b) is dened as the ratio of the maximum value of the local electric eld in the vicinity of the edge of the AGNR to the applied eld. The local electric eld is determined by the gradient of the Coulomb potential energy difference induced by the applied eld. Fig. 5(a) shows the calculated eld enhancement factors as a function of inter-ribbon distance for various AGNRs under an electric eld of 0.05 VÅ À1 . When the inter-ribbon distance is smaller than the width of the ribbon, the enhancement factor grows rapidly as D x increases. When we further increases D x , the enhancement factor increases slowly and then tends toward saturation. As the inter-ribbon distance becomes much larger than the width of the ribbon, the enhancement factor remains the same as that of an isolated ribbon. This phenomenon is caused by the electrostatic screening effect, which is determined by the width of the ribbons compared to the inter-ribbon distance. When the ribbons are too close to each other for electric eld penetration, it will lead to the suppression of the eld enhancement. The saturated value of the enhancement factor increases as the ribbon width increases. The dependence of the enhancement factor on the ribbon width W and interribbon distance D x can be well described by the following expression.
The solid line in Fig. 5(a) In order to describe the screening effect more quantitatively, we calculate the value of D x such that the enhancement factor is 50, 60, 70, 80, 90 and 99% of its saturated value for various ribbon widths, using the curve-tting results from Fig. 5(a) . The results are shown in Fig. 5(b) . The solid line in Fig. 5(b) is the second degree polynomial curve-tting result. The enhancement factor almost reaches 90% of its saturated value as D x / 2W. In comparison, for the case of ZGNR, the wider the ribbon, the larger the ratio of the inter-ribbon distance and ribbon width (D x /W > 2) which is needed to suppress the screening effect. 40 However, if one would like to suppress 99% of screening effect (purple line), according to the gure, then the wider the ribbon, the larger the ratio of the inter-ribbon distance and ribbon width (D x /W) is needed.
Finally, we consider the strain effect on the eld enhancement factor of AGNRs. Fig. 6(a) shows the calculated eld enhancement factors as a function of strain for various NAGNRs under an electric eld of 0.05 VÅ
À1
. For a tensile strain, the eld enhancement factor increases with the applied strain while for a compress one, the eld enhancement factor is almost independent. It can be explained by considering the edge distortion of geometry conguration due to the applied strain. In Fig. 1(a), d 1 represents the axial bonds on the armchairs, d 3 represents that under the armchairs, and d 2 and d 4 are the bond lengths between the armchairs. As one can see in Fig. 6(b) , d 2 and d 4 are prolonged more than d 1 under a tensile strain while the length contractions of the two are similar under a compress strain. For the former case, the local eld enhancement effect of the armchair would be enhanced due to the increase of intra-armchair distance (d 2 and d 4 ) which suppresses the intralayer screen effect. For the latter case, the variation of these bonds is relatively similar so the eld enhancement is nearly independent. It is well-known that LDA underestimates the band gap of semiconductors. On the other hand, the hybrid function of HSE06 has been shown to accurately reproduce experimental band gaps for a wide variety of materials. In the following, we will investigate how the HSE06 approach affects the effects of the inter-ribbon distance and strain on the work function and eld enhancement factor. Because the HSE06 calculations are very time consuming, we will only consider the AGNRs with N ¼ 7. Fig. 7(a) shows the band structure of 7-AGNR with D x ¼ 10Å calculated by LDA, PBE, and HSE06. We observe from Fig. 7(a) that there are only slight differences between the LDA bands and the PBE bands. However, the HSE06 calculations show a band gap of 2.13 eV, which is about 1.67 eV larger than the band gap calculated by LDA in good agreement with the previous study. 34 It is of interest to note that the valence (conduction) band shi downwards (upwards) without signi-cant change in the band dispersion. Fig. 7(b) shows the work function of graphene as a function of the lattice constant of the unit cell calculated by LDA and PBE. The optimized lattice constant, which was determined by minimizing the total energy of the graphene sheet, are 2.44Å and 2.46Å for the calculation of LDA and PBE, respectively. The experimental value of the work function is 4.5 eV. Therefore, LDA provide a better description of the work function of graphene. Fig. 7(c) shows the work function of 7-AGNR as a function of inter-ribbon distance calculated by LDA, PBE, and HSE06. The work functions calculated by PBE are very close to those calculated by HSE06. The work function of 7-AGNR with different interribbon distance calculated by LDA is about 0.25 eV higher than that calculated by PBE, which is consistent with the results of graphene. Fig. 7(d) shows the eld enhancement factors of 7-AGNR as a function of inter-ribbon distance calculated by LDA, PBE, and HSE06. The eld enhancement factors calculated by the three methods are almost the same. One might wonder the van der Waals force between layers may be important to consider in the AGNRs system. In order to verify this, the method of dispersion correction as an add-on to DFT, namely, DFT-D is used and PBE-D2 41, 42 and PBE-D3 43 are used to study the 7-AGNR arrays for comparison. In order to make sure we correctly use the PBE-D2 and PBE-D3, we used the case of graphite whose equilibrium interlayer distance between graphenes was determined experimentally 44 to be 6.707Å and theoretically to be 8.84Å and 6.45Å, respectively, by PBE and PBE-D2. 42 In our calculations, we found the equilibrium interlayer distance in graphite is determined to be 6.75 A, 8.85Å, and 6.45Å, respectively, using PBE-D3, PBE, and PBE-D2, giving good agreement with the former work. It is expected that the prediction of PBE-D3 is more accurate and very close to the experimental value. Then the PBE-D3 calculations are performed to study the work function of graphene under strain, giving the same result as that calculated by PBE, as shown in Fig. 7(b) . The work function and eld enhancement factor for the case of 7-AGNR arrays are calculated as a function of interribbon distance using PBE-D3 and the corresponding results are also shown in Fig. 7(c) and (d), respectively. As one can see, the PBE-D3 results agree with the PBE ones very well. This means that the van der Waals force is comparatively weak in the AGNRs as the interlayer distance under study in this work is ranged from 5Å to 40Å. However, if one would like to study a closer interlayer distance, then PBE-D2 and PBE-D3 should be considered. Fig. 8(a) shows the work function of 7-AGNR with D x ¼ 10Å as a function of strain calculated by LDA, PBE, and HSE06. The work function of 7-AGNR with different strain calculated by LDA is about 0.25 eV higher than that calculated by PBE while that calculated by HSE06 is slightly larger than PBE. The enhancement factors calculated by LDA, PBE, and HSE06 exhibit a similar dependence on the strain. Fig. 8(b) shows the enhancement factor of 7-AGNR as a function of strain under an electric eld of E ¼ 0.1 VÅ À1 calculated by LDA, PBE, and HSE06. The enhancement factors calculated by LDA, PBE, and HSE06 exhibit a similar dependence on a compressive strain. Although the LDA shows some discrepancy with PBE and HSE06 under a tensile strain, the qualitative results are the same and the maximum discrepancy is $10% for the largest strain we applied in this study. However, it is hard to say which method is more accurate for calculating the local electric elds. In general, we notice that the PBE and HSE06 results show a very similar trend to the LDA results. Therefore, although the LDA calculation underestimated the band gaps of AGNRs, the LDA results shown in Fig. 5 and 6 can provide good qualitative descriptions of the screening and strain effects, respectively, on the eld enhancement of AGNR arrays under an external electric eld. Similarly, the effects of strain and inter-ribbon distance on work functions of AGNR arrays calculated by the LDA, as shown in Fig. 3 and 4 , respectively, will be closer to experimental results than either PBE or HSE06 predictions.
Conclusions
In conclusion, we have systematically investigated the strain effect on the work function of the armchair graphene nanoribbons using rst-principles density functional theory. Using the zone folding method with the effect of dipole barrier along with the work function of strained graphene, we can obtain the work function of AGNR of any width under strain, in good agreement with the direct LDA calculations. The effect of interlayer distance on the work function and eld enhancement factor is also investigated. We found that the work function of AGNRs increases rapidly as inter-ribbon distance D x increases, which is caused by the positive dipole array at the edge of the ribbon. For a given D x , the work function of AGNRs increases as the width of the ribbon increases. The wider the ribbon, stronger the effect of D x on the work function. The eld enhancement increases rapidly when the inter-ribbon distance increases as long as D x < W. When we further increase D x , the eld enhancement increases slowly and then tends toward saturation. For a tensile strain, the eld enhancement factor increases with the applied strain while for a compress one, the eld enhancement factor is nearly independent. The effects of inter-ribbon and strain on enhancement factor can be explained by the interlayer and intralayer screening effects, respectively. Our ndings not only provide an insight into understanding the screening effect on the characteristics of the strained AGNRs, but also provide a guideline for their efficient application in eld emission devices.
Method of calculation
The calculations were performed by the density functional theory (DFT) 45 and the local density approximation (LDA) 46 using the Ceperley-Alder form of exchange-correlation functional 47 with a plane wave cutoff of 286 eV, as implemented in the Vienna ab initio simulation package (VASP).
48-50 For Brillouin-zone integrations, the 1 Â 20 Â 1 k-points mesh with gamma centered grid is utilized for all systems studies. The atomic positions were relaxed until the magnitudes of the forces became less than 0.02 eVÅ À1 . To investigate how the exchangecorrelation functionals affect the effect of the inter-ribbon distance on the work function, eld enhancement factor, and band gap as well as the Fermi energy. The generalized-gradient approximation (GGA) with the Perdew-Burke-Ernzerhof functional (PBE) 51 and hybrid functional (HSE06) 52 together with the projector augmented wave (PAW) method are used to study 7-AGNRs. The method of dispersion correction as an add-on to DFT, namely, DFT-D has been used to verify if the van der Waals force between layers is important in the AGNRs system under study. Both the PBE-D2 41, 42 and PBE-D3 43 are used to study the equilibrium interlayer distance in graphite for comparison while the more accurate PBE-D3 is used to study the 7-AGNR arrays to see the effect of the van der Waals force in the AGNR arrays.
